Metabolic syndrome is associated with pejorative outcomes of COVID-19 {#s0005}
=====================================================================

The recent outbreak of the SARS-CoV-2 has led to a worldwide pandemic responsible for a major health crisis. Coronavirus-induced disease 19 (COVID-19) can evolve to severe forms characterized by hyperinflammation, acute respiratory distress syndrome (ARDS) and death, which are more frequently observed in subsets of patients with comorbidities. Observational studies in Chinese, European and US cohorts consistently highlighted a significant association between intensive care unit (ICU) admission and male gender, as well as hypertension, diabetes and cardiovascular diseases, as compared to non-ICU patients [@b0005], [@b0010]. In a cohort of 138 patients hospitalized in Wuhan, males accounted for 61% of ICU patients (n = 36) as compared to 52% (n = 102) in conventional units; 58%, 25% and 22% of ICU patients had hypertension, diabetes and cardiovascular history, respectively, as compared to 22%, 11% and 6% in non-ICU patients (all p values below 0.05) [@b0010]. Higher risk of death was further reported for males with cardiovascular comorbidities within COVID-19 ICU patients [@b0015], [@b0020]. The average body mass index (BMI) was 33.2 kg.m^−2^ in a cohort of 24 ICU patients from the Seattle area (WA), thus suggesting obesity as an additional risk factor for severe COVID-19. In a French cohort of 124 ICU patients, 75.8% patients had a BMI \>30 kg.m^−2^. BMI and male sex were independently associated with invasive mechanical ventilation. The odds ratio for orotracheal intubation and mechanical ventilation was 7.36 (1.63--33.14; p = 0.02) for patients with BMI \>35 kg.m^−2^ vs. patients \<25 kg.m^−2^ [@b0025]. Similar results were obtained in a large cohort from New York City (NY), in which obesity was an independent risk-factor for hospitalization in patients under 60 years old who were admitted to the emergency department [@b0030]. In an Italian cohort of more than 1000 ICU patients hospitalized in Lombardia, 83% of patients were males; 50% had high blood pressure and about 20% had type 2 diabetes, hypercholesterolemia and/or a cardiovascular disease [@b0035]. Overall, these studies indicate that overweight males with cardiovascular risk factors are at significantly higher risk of developing severe forms of COVID-19.

As the increased volume of mesentery fat in overweight men play a key role in the occurrence of metabolic syndrome [@b0040], we hypothesized that the visceral adipose tissue plays a central role in severe forms of COVID-19.

COVID-19: a 2-step disease leading to a cytokinic storm {#s0010}
=======================================================

The initial phase of the disease is considered as the viral phase. At that phase, COVID-19 behaves as a classical lymphocytic pneumonia, evidenced by CT-scan and/or lung biopsies [@b0045], [@b0050]. At a later phase of the disease, lung tissue lesions are unusual, presenting notably with major intra-alveolar fibrin deposition and intraluminal loose connective tissue in alveolar ducts and bronchioles. Additionally, vascular damage is significant with cytoplasmic vacuolization of the endothelium and cell detachment in small to medium-sized pulmonary arteries [@b0050].

At this later phase, along with endothelial damage, clinical and biological characteristics are suggestive of a "cytokinic storm". In critically ill patients with COVID-19 an intense inflammatory response during a secondary respiratory and systemic worsening at day 7 to day 15 from the onset of initial symptoms has been widely described [@b0035], [@b0055], [@b0060].

Myeloid cells-associated cytokines are dramatically increased in severe COVID-19 {#s0015}
================================================================================

Hadjadj et al. performed an immunological extensive assessment (immune blood cell phenotyping, whole blood transcriptomic and cytokine quantification) in patients with mild form and severe form of COVID-19 at day 8 to day 12 after onset of symptoms [@b0065]. Interestingly, they found that type 1 interferon response was profoundly impaired. In addition, innate immunity-associated cytokinic pathways were markedly activated. Specifically, they found a strong increase in expression of IL-6-induced genes, such as *IL6R*, *SOCS3* and *STAT3* as well as an up-regulation of TNF pathway-related genes, including *TNFSF10.* Another key finding is the up-regulation of the CCL2-CCR2 pathway suggesting a key role of monocytes and macrophages in the lung and in the intense systemic inflammation state [@b0065].

Other studies described increased plasma concentrations of a series of inflammatory cytokines, such as granulocyte-macrophage colony-stimulating factor (GM-CSF), IL-6 [@b0070], [@b0075], TNF-α, and granulocyte colony-stimulating factor (G-CSF), in severe COVID-19. Further investigations demonstrated that peripheral inflammatory monocytes and T cells through their production of GM-CSF may incite cytokine storm in severe COVID-19 patients [@b0075], [@b0080].

This excess of inflammatory response is a critical cause of mortality from COVID-19. A study of 548 patients showed that, high cytokine levels (IL-2R, IL-6, IL-10, and TNF-α), and high LDH level were significantly associated with severe forms of COVID-19 [@b0085].

Accordingly, anti-IL-6R therapy is being investigated to treat severely ill patients [@b0090], [@b0095] with preliminary results reporting efficacy in a French multicenter randomized clinical trial. Other anti-cytokines therapies are also under investigation.

SARS-CoV-2 binds ACE2 which is vastly expressed in cardiopulmonary tissues, including endothelial cells. Some hematopoietic cells also express it, and particularly monocytes and macrophages [@b0100].

From studies focusing on other coronaviruses, it is known that the infection of cells of the myeloid lineage (monocytes, macrophages and dendritic cells) results in their activation and production of inflammatory cytokines including IL-6 [@b0100].

IL-6 can signal through 2 main pathways, the trans- and the cis- signaling pathways. The cis- pathway involves gp130 and mIL-6R (membrane-bound IL-6R) mainly restricted to immune cells and results in a pleiotropic effect on the cells of the adaptative and innate immunity.

Trans signaling only involves the soluble form of IL-6R (sIL-6R) forming a complex with gp130 which is virtually express on all hematopoietic and non-hematopoietic cell types. Therefore, it activates cells that do not express mIL-6R like endothelial cells, resulting in a cytokinic storm [@b0100].

Overall, the day 7 to day 12 clinical worsening is a typical feature of the course of COVID-19 and involves a major release of cytokines and particularly IL-6 and TNF-α with a key role of myeloid cells. This cytokine release syndrome highly correlates with severity and mortality.

Additionally, A key feature of COVD-19 course, is lymphopenia -- a hallmark of severe forms -, suggesting that most of the cytokines released during the cytokinic storm are produced by myeloid cells or non-hematopoietic cells such as adipocytes.

The mesentery fat is a site able to promote the inflammatory response {#s0020}
=====================================================================

Visceral adipose tissue is more developed in men, as it represents 10 to 20% of total fat as compared to 5--10% in women [@b0105]. Visceral fat possesses multiple properties that make it a key site for intestinal and systemic immune response. In comparison with subcutaneous adipose tissue, visceral adipose tissue including mesenteric fat has a higher vascularization and contains greater number of immune cells. It also expresses higher level of pro-inflammatory cytokines such as IL-6, TNF-α and IL-8 [@b0105]. Visceral adipose tissue is enriched in macrophages that are skewed toward an M2 phenotype (the pro-inflammatory subtype) [@b0110]. Importantly, in case of visceral obesity, the pro-inflammatory state of the visceral fat is further enhanced [@b0105].

Macrophages of the mesentery fat from patients with nonalcoholic steatohepatitis (NASH) present elevated levels of cytokines and chemokines compared with healthy subjects suggesting, that mesenteric inflammation may uncouples and mediates inflammation through the portal flow [@b0115].

In addition to the immune response provided by mesentery fat-associated macrophages, adipocytes and stromal cells may also play their own role as immune enhancers [@b0120]. For example, adipokines produced by adipocytes, can regulate metabolic homeostasis and affect immune functions [@b0125].

In Crohn's disease, it has been shown that mesenteric fat could be a major source of C-reactive protein as well as IL-6. It is also enriched in microbial particles of the microbiota as an evidence of enhanced intestinal microbial translocation [@b0130]. Remarkably, antiTNF-α and antiIL-6 therapies have been shown to reduce intestinal inflammation during Crohn's disease [@b0135], [@b0140].

Therefore, the visceral adipose tissue is a site with an intense immune activity that is able to produce high level of innate immunity-associated cytokines such as IL-6 and TNF-α. It has --pro-inflammatory properties compared with subcutaneous adipose tissue. A systemic pro-inflammatory potential is further enhanced in case of android obesity. Whether mesenteric fat can be responsible for an intense cytokine production raises the question of the role of the gut in this mesenteric activation.

SARS-CoV-2 intestinal symptomatic infection associates with systemic hyperinflammation {#s0025}
======================================================================================

Digestive symptoms are not usually well reported and are probably under-evaluated in patients affected by COVID-19. Despite the fact that they are underreported, several cohorts found a high prevalence of gastrointestinal symptoms including nausea, vomiting, loss of appetite and diarrhea. A meta-analysis performed from 60 studies and 4243 patients, showed a pooled prevalence of diarrhea of 12.5% (95% CI: 9.6--16.0) [@b0145]. Patients with severe forms of COVID-19 had a prevalence of digestive manifestations of 17.6% versus 11% for patients with non-severe forms [@b0145]. In UK, 29% of patients tested positive for SARS-CoV-2 and using RADAR COVID-19, a smartphone application that was launched among the UK general population asking about COVID-19 symptoms, had diarrhea. Digestive symptoms were strong predictors of having a positive PCR test [@b0150].

In Cheung and al. meta-analysis, fecal shedding of SARS-CoV-2 RNA was found in about half of the patients. In the Hong-Kong cohort of 59 patients, viral RNA was more frequently found in the stool of patients with diarrhea as compared with patients without diarrhea (38.5% vs 8.7%; p = 0.019) [@b0145].

It has been demonstrated that SARS-CoV-2 is capable of binding to the angiotensin-converting enzyme 2 (ACE2) which is express in many cell types including the epithelial cells of the respiratory and the gastrointestinal tract [@b0155], [@b0160].

An Austrian team reported that patient with COVD-19-associated diarrhea had an elevated fecal calprotectin with a mean of 123 µg/g in patients with active diarrhea. The fecal calprotectin could reach values above 200 µg/g in some patients without any preexisting digestive condition [@b0165]. Interestingly, the level of fecal calprotectin did not correlate with the level of viral RNA in the stool but positively correlated with the level of IL-6 in plasma [@b0165].

Stanifer et al. provided direct evidence that human intestinal cells could be infected by SARS-CoV-2. Moreover, they showed that the virus can replicate in intestinal epithelial cell lines as well as in human colon organoid models, therefore participating in the spread and enhanced viremia of SARS-CoV-2 [@b0170], [@b0175].

Overall, SARS-CoV-2 has an intestinal tropism and may induce acute intestinal inflammation which associates with systemic inflammation rather than with intestinal viral load.

Mucosal injury leads to alteration in the intestinal barrier and increases intestinal permeability. The ultimate consequence is an increase translocation of the intestinal luminal content (including bacteria of the microbiota) to the mesentery fat and the systemic blood circulation. Therefore, the ability of SARS-CoV2 to directly bind and invade the intestinal epithelium and to induce intestinal mucosa inflammation could lead to enhance mesentery antigenic stimulation.

This inflammation of the intestinal tract and subsequently of the mesentery fat could be aggravated by other COVID-19-associated features such as blood coagulopathy and microthrombotic disorders [@b0180].

Another key digestive characteristic of COVD-19 is the high prevalence of hepatic cytolysis that is associated with severe forms of the disease [@b0185]. While the underlying mechanism is not well understood, multiple factors are likely involved. Increased intestinal translocation to the portal circulation may be one of the participating factors of liver damage.

Overall, the gastrointestinal tract is a key organ with probable direct viral invasion evidenced by fecal shedding of SARS-CoV-2 RNA and prevalent digestive symptoms during COVID-19 course, which are associated with a pejorative outcome

Inflammatory mediators from the gut are transmitted to the lung {#s0030}
===============================================================

Patients with systemic inflammatory response syndrome (SIRS) have increase intestinal permeability even if they don't have any gastrointestinal condition [@b0190]. Therefore, there is an increase bacterial translocation of either live bacteria, or MAMPs (microbial-associated molecular patterns) that will trigger the innate immunity through toll-like receptors. Increased intestinal permeability was found in ICU patients by measuring urinary excretion of orally administered lactulose or mannitol [@b0195]. Interestingly, increased intestinal permeability was associated with clinical worsening including multiorgan failure in critically ill patients.

Portal venous and the lymph flows are the two main routes that could explain how this modified intestinal permeability as well as the bacterial translocation impact other organs such as the lungs. In a study published in 1991, Moore and al. performed a venous catheterism in the portal vein of critically ill patients to do sequential blood cultures. While 60% of patients were in shock and 30% developed multiorgan failure, only 2% of portal venous blood cultures were positive suggesting that the portal circulation is not the main way for intestinal bacterial translocation [@b0200]. An alternative route of translocation could be the intestinal lymphatics. Intestinal lymph is drained from the mesenteric lymphatics to the thoracic duct, subsequently merging with the blood circulation in the left subclavian vein. Therefore, products drained by the intestinal lymph are first in contact with the pulmonary arterial vasculature.

In that regard, it is relevant to note that critically ill patients often develop ARDS even without any primary respiratory condition or infections such as patients with severe pancreatitis or trauma developing ARDS. Interestingly, experiments performed in a hemorrhagic shock model in rats showed that lymph collected in the mesenteric lymphatics but not blood from the portal vein could have negative effect *in vitro* on the endothelium permeability as well as on neutrophils activation and several other relevant cell types. Reinjection of lymph but not portal blood from shocked rat to other rats could worsen lung failure *in vivo.* Strikingly, the ligation of the major intestinal lymph duct could prevent early lung damage [@b0205], [@b0210], [@b0215].

Therefore, multiple experimental *in vivo* and *ex vivo* data both in human and animal models support a gut lymph-lung axis. SARS-CoV-2 that has a direct effect on the intestine and that triggers a SIRS may then critically increase intestinal permeability leading to the recirculation of pro-inflammatory mediators to the circulation and primarily to the lungs.

Additionally, extensively reported SARS-CoV-2-associated vascular injury and coagulopathy [@b0050], [@b0180] may lead to ischemia of the intestinal epithelium, further favoring microbial translocation.

Conclusion and working hypothesis {#s0035}
=================================

Male sex, advanced age and metabolic syndrome are factors strongly associated with the severity of COVID-19. They are associated with a high mortality rate. The daily expanding literature shows overwhelming data on the secondary worsening associated with high systemic inflammation including TNF-α and IL-6 as two of the key cytokines. Moreover, it is more and more evident that the intestine is targeted by the SARS-CoV-2 and that the intestinal phase may be critical in severe forms of COVID-19.

Therefore, we propose a pathophysiogeny model of severe forms ([Fig. 1](#f0005){ref-type="fig"} ) where the visceral fat, which is already in a pro-inflammatory state in patients with dysmetabolic syndrome, acts as an enhancer of inflammation, being an uncoupling link between the intestine and systemic and pulmonary inflammation through the mesenteric lymphatics. A better understanding of the way that the mesentery fat aggravates the course of COVID-19 may open new and innovative therapeutic avenues.Fig. 1The gut lymph-lung axis promotes hyperinflammation and aggravates pulmonary lesions during SARS-CoV2 infection. SARS-CoV2 presents the ability to infect epithelial cells of the respiratory tract as well as the intestinal tract. Several factors may increase intestinal permeability including, direct enterocyte damage by SARS-CoV2, systemic inflammatory response syndrome (SIRS) and epithelial ischemia secondary to SARS-CoV2-associated endothelial dysfunction. This increase permeability further leads to translocation of microbial components such as MAMPs (microbial-associated molecular pattern), triggering an inflammatory immune response by TLR-expressing cells of the mesentery fat (mostly macrophages and adipocytes). The pro-inflammatory cytokines produced by the mesentery fat mediates systemic inflammation and aggravate acute respiratory distress syndrome (ARDS) through the mesenteric lymph drainage.
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